a2 United States Patent

US008078561B2

(10) Patent No.: US 8,078,561 B2

Liu et al. 45) Date of Patent: Dec. 13, 2011
(54) NONLINEAR BEHAVIOR MODELS AND OTHER PUBLICATIONS
METHODS FOR USE THEREOF IN . . - .
Improving generalizing capability of connectionist model through
WIRELESS RADIO SYSTEMS emergent dynamic behavior, Wang Hong-Qi; Chen Zong-Zhi; Su
. . . Shi-Wei; Neural Networks, 1992. IICNN., International Joint Con-
(75) Inventors: Taijun Liu, Calgary (CA); Slim ference on vol. 1 Digital Object Identifier: 10.1109/[JCNN.1992.
Boumaiza, Waterloo (CA); Fadhel 287186 Publication Year: 1992 , pp. 353-358 vol. 1.*
Ghannouchi, Calgary (CA) Dynamic Item Recommendation by Topic Modeling for Social Net-
works, Sang Su Lee; Tagyoung Chung; McLeod, D.; Information
(73) Assignee: UTI Limited Partnership, Calgary Technology: New_ C_}enerati_ons (ITN_G), 2011 Eighth International
Conference on Digital Object Identifier: 10.1109/ITNG.2011.153
(CA)
Publication Year: 2011 , pp. 884-889.*
. . . . . Generative grammars and dynamic programming in speech recogni-
(*) Notice: SUbJeCt. to any dlSCIalmer{ the term of this tion with learning, Vintsiuk, T.; Acoustics, Speech, and Signal Pro-
patent is extended or adjusted under 35 cessing, IEEE International Conference on ICASSP *76. vol. 1 Digi-
U.S.C. 154(b) by 1043 days. tal Object Identifier: 10.1109/ICASSP.1976.1170022 Publication
Year: 1976 , pp. 446-449 *
(21) Appl. No.: 11/999,264 Relative coupled dynamics and control using dual number, Jianying
Wang; HaiZhao Liang; Zhaowei Sun; Systems and Control in Aero-
. nautics and Astronautics (ISSCAA), 2010 3rd International Sympo-
(22) Filed: Dec. 3,2007 sium on Digital Object Identifier: 10.1109/ISSCAA.2010.5632324
. L Publication Year: 2010, pp. 277-282.*
(65) Prior Publication Data International Search Report issued in PCT/CA2007/002187 dated
US 2008/0133204 A1 Jun. 5, 2008 Mar. 19, 2008.
* cited by examiner
Related U.S. Application Data
(60) Provisional application No. 60/872,132, filed on Dec. Primary Examiner — Mlc.hael B Holn.les .
1, 2006. (74) Attorney, Agent, or Firm — Fulbright & Jaworski L.L..P.
57 ABSTRACT
51) Imt.CL
¢ GO6F 17/00 (2006.01) Disclosed is a behavioral model for Wide.:-ban.d radio fre-
GO6N 5/02 (2006.01) quency transmitters. Also disclosed are various implementa-
(52) US.Cl 706/46 tion of the behavioral model for purpose of baseband predis-
(58) Field of Classification Search ................ 70646 ron Otf dyna.l:tnc nofllmear Systerts: Suclh as Wldebal}d
See application file for complete search history. WIFIEss LIANSHITCETS afl power amp 11ers. 1l One eXatipie
’ embodiment, a LBG behavioral model comprises two non-
linear cascading modules: a dynamic weak nonlinear
(56) References Cited (DWNL) module, which models dynamic week nonlineari-
ties of the system, and a static strong nonlinear (SSNL) mod-
U.S. PATENT DOCUMENTS ule, which models static strong nonlinearities of the system.
6,801,086 Bl  10/2004 Chandrasekaran ........... 330/140 In one example embodiment, a forward LBG model includes
7,260,501 B2* 872007 Paltipatli etal. ............. 7027183 DWNL module followed by the SSNL module. In another
7,536,277 B2*  5/2009 Pattipatti et al 702/183 . .
2003/0058959 A1 3/2003 Rafi Lo example embodiment, a reverse LBG model includes SSNL
ectal ... .. 375/296
2003/0195706 Al* 10/2003 Korenberg ... ... 702/19  module followed by DWNL module.
2005/0157814 Al 7/2005 Covaetal. ... .. 375/297
2005/0195919 A1 9/2005 Cova ...cccoovvvvirriiinnnn. 375/297 22 Claims, 8 Drawing Sheets

100A
105
h /

u(n) Dynamic Weak

/110

x (n) Static Strong y (n)

Nonlinear Module

. 7
Nonlinear Module

IPR2025-00727
T-Mobile v. Smart RF
Smart RF's Exhibit 2028
Ex. 2028, Page 1



US 8,078,561 B2

Sheet 1 of 8

Dec. 13, 2011

U.S. Patent

(u) A

3|NPOJ\ JeauljuoN
YeapA olweuiQq

gl 614

S0l \

(u) £

9|npojn JeduljuoN
Buong oneis

NC\ sx

VAR E

9|NPOIA Jesul|uUON
Buong onels

o:\

o:\

(u) x

9|NPOI\ JeaUljuoN
¥Eeap dlweuliq

(u)n

/moov

mcv\

(u)n

/ V00l

IPR2025-00727
T-Mobile v. Smart RF
Smart RF's Exhibit 2028

Ex. 2028, Page 2



US 8,078,561 B2

/ 205

U.S. Patent Dec. 13, 2011 Sheet 2 of 8
N FIR,
u(n) , 2051/
/2052
umlum)l |» FIR,
/2053
»ooumuml | FIR,
/205,,
» u(n)u () » FIRp
Fig. 2A
x (n) AM/AM and
» o 1x(n)| > AM/PM LUT

y(n)

Fig. 2B

\210

IPR2025-00727
T-Mobile v. Smart RF
Smart RF's Exhibit 2028
Ex. 2028, Page 3



U.S. Patent Dec. 13,2011 Sheet 3 of 8 US 8,078,561 B2

umlu(ml | FIR, '/ 305

umlu P | FIR,

y

uu P! +—» FIR;

Fig. 3A

IPR2025-00727
T-Mobile v. Smart RF
Smart RF's Exhibit 2028
Ex. 2028, Page 4



U.S. Patent Dec. 13,2011 Sheet 4 of 8 US 8,078,561 B2

x (n) > [’72

x (n)lx(n)| —  FIR,

x| FIR,

o x (nix(n)f

y
3
Py

o]

Fig. 3B

IPR2025-00727
T-Mobile v. Smart RF
Smart RF's Exhibit 2028
Ex. 2028, Page 5



U.S. Patent

Dec. 13,2011 Sheet 5 of 8

US 8,078,561 B2

l
» FIR1 _»@__x_m
! !
. 405
: u(n)ju(np—» FIR2 | 1/
! —> :
e e e e e
/ 410
i i
I R I
: AM/AM and ‘
! I x(n)] * AM/IPM LUTs J| Complex | ly(n) |
| multiplier i
i () i
: (N .
| |
O J
Fig. 4A

IPR2025-00727
T-Mobile v. Smart RF
Smart RF's Exhibit 2028
Ex. 2028, Page 6



U.S. Patent Dec. 13,2011 Sheet 6 of 8 US 8,078,561 B2

N S PR s
| !
| AMIAMand | |
um > U] —> ampmLuTs || Complex | 1
I multiplier |
l l
ufn .
l ™ !
e e e e e e e e ————— J
........... S R
! p y(n)
} > FIR 1 |
! @
405 \! x(n)x(n)] —>» FIR2 |
| |
L e e e =
Fig. 4B

IPR2025-00727
T-Mobile v. Smart RF
Smart RF's Exhibit 2028
Ex. 2028, Page 7



U.S. Patent

Gain compression (dB)

Phase compression {deg)

Dec. 13,2011 Sheet 7 of 8 US 8,078,561 B2
I ]
L ; - ¢ <+ o .
I ]
L .
- .
[ )
J I ] L1 Li | T . S I N | | I - N N 1.1 1
40 -35 -30 -25 -20 -15 -10 -5
Power input (dBm)
Fig. 5A
5 LI L ] LN B S | LI A B 3 L] LR LR LS LI L
i N
) APV RPN NPT, o oo« 7
- 1
-5 h
[ \ -
10 [ \ !
15 L \\
_20 i 1.1 1 1 11 1 1 11 1 | L1 L1 11 1 1 1t 1 1 ) . | ]
-40 -35 -30 -25 -20 -15 -10 -5
Power input (dBm)

Fig. 5B

IPR2025-00727
T-Mobile v. Smart RF
Smart RF's Exhibit 2028
Ex. 2028, Page 8



U.S. Patent Dec. 13,2011 Sheet 8 of 8 US 8,078,561 B2

PSD (dBm/Hz)

‘100 T T 7 T 1
1.940 1.945 1950 1.955 1,960 1.965 1970 1978 1920

Frequency (GHz)

T

Fig. 6A

40

PSD (dBm/Hz)

-100 +
1.940 1.945 1,950 1.955 1.960 1.965 1.970 1.8975 1.980

Frequency (GHz)

Fig. 6B

IPR2025-00727
T-Mobile v. Smart RF
Smart RF's Exhibit 2028
Ex. 2028, Page 9



US 8,078,561 B2

1
NONLINEAR BEHAVIOR MODELS AND
METHODS FOR USE THEREOF IN
WIRELESS RADIO SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of Provisional Patent
Application No. 60/872,132 filed on Dec. 1, 2006, which is
incorporated by reference herein in its entirety.

TECHNOLOGY FIELD

The present disclosure relates generally to field of model-
ing of wireless nonlinear radio systems and more specifically
to the methods for user thereof in digital baseband predistor-
tion.

BACKGROUND

Modern wireless communication systems employ spec-
trally efficient, digitally modulated signals with wide band-
widths and time-varying envelopes. Such systems are very
sensitive to different sources of linear and nonlinear distor-
tions that may be exhibited by the radio frequency (RF)
transmitters, especially the power amplifier (PA) stage.
Hence, RF transmitters have to meet strict linearity require-
ments in order to avoid the signal quality deterioration and
adjacent channel interference. At the same time, RF transmit-
ters must be efficient in order to comply with low power
requirements of wireless communication systems.

Amplifier nonlinearities may cause several complications
in the wireless digital system and significantly complicate
design of such systems. For example, they may produce a
dilation/spreading of the spectrum of the input signal, which
may cause adjacent channel interference. In addition to such
spectral regrowth, amplifier nonlinearities may produce in-
band distortions which deteriorate the integrity of the trans-
mitted signal. The minimization of the effects of such distor-
tion sources relies primary on accurate modeling of the RF
transmitters.

There are several prior art models of dynamic nonlinear
systems. However, one common problem of such models is in
the identification procedure of the parameters of their differ-
ent modules. Furthermore, the known models and procedures
encounter high complexity and/or low accuracy. Moreover,
they frequently do not account for the strong memory effects
exhibited by the transmitter/PA. Thus, in most cases, they are
not appropriate for implementation in broadband adaptive
communications systems. Accordingly, there is a need for a
new dynamic nonlinear system model that overcomes limita-
tions of the prior art behavioral models.

OVERVIEW

Disclosed is a new behavioral model for memoryless wide-
band radio frequency transmitters. Also disclosed are various
implementation of the behavioral model for purpose of base-
band predistortion of dynamic nonlinear systems, such as
wideband wireless transmitters and power amplifiers. In one
example embodiment, a LBG behavioral model comprises
two non-linear cascading modules: a dynamic weak nonlin-
ear (DWNL) module, which models dynamic week nonlin-
earities of the system, and a static strong nonlinear (SSNL)
module, which models static strong nonlinearities of the sys-
tem. In one example embodiment, a forward L.BG model
includes a DWNL module followed by a SSNL module. In
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2
another example embodiment, a reverse LBG model includes
a SSNL module followed by a DWNL module.

In one example embodiment, the SSNL. module may be
implemented as a AM/AM and AM/PM lookup table, which
is configured to account for amplitude modulation/amplitude
modulation (AM/AM) and amplitude modulation/phase
modulation (AM/PM) characteristics of RF transmitters. At
the same time, the DWNL module may be implemented as a
plurality of nonlinear dynamic FIR-based filters which
account for low- and high-order memory effects caused by
dynamic properties of the transmitter in the presence of a
modulated communication signal. In this manner, the dis-
closed LBG behavioral model accounts for nonlinearity and
the memory effects that occur in broadband RF transmitters.
Moreover, the dynamic behavioral model largely improves
the model accuracy for wideband RF transmitters.

In one example embodiment, an augmented Wiener pre-
distorter is disclosed which is implemented using a first-order
forward LBG model. The augmented Wiener predistorter
may be placed in a broadband wireless transmitter to com-
pensate for nonlinearity and memory effects therein. The
augmented Wiener predistorter includes a DWNL module
followed by a SSNL module. The DWNL module may be
implemented as a weak nonlinear dynamic FIR-based filter,
including a linear term and a second-order term that compen-
sate for dynamic memory effects of the wireless transmitter.
The SSNL module may be implemented as AM/AM and
AM/PM lookup tables, which smooth and model AM/AM
and AM/PM characteristics of the wireless transmitter and
power amplifiers therein.

In another example embodiment, an augmented Hammer-
stein predistorter is disclosed implemented using a first-order
reverse LBG model. The augmented Hammerstein predis-
torter may be placed in a broadband wireless transmitter to
compensate for nonlinearity and memory effects therein. In
one example embodiment, the augmented Hammerstein pre-
distorter may include a SSNL module followed by a DWNL
module. The SSNL module may be implemented as AM/AM
and AM/PM lookup tables, which smooth and model
AM/AM and AM/PM characteristics of the wireless transmit-
ter. The DWNL module may be implemented as a weak
nonlinear dynamic FIR-base filter, including a linear term and
a second-order term that compensate for dynamic memory
effects of the wireless transmitter.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated into
and constitute a part of this specification, illustrate one or
more examples of embodiments and, together with the
description of example embodiments, serve to explain the
principles and implementations of the embodiments.

In the drawings:

FIG. 1A is a block diagram of one example embodiment of
a forward LBG model,;

FIG. 1B is ablock diagram of one example embodiment of
a reverse LBG model,

FIG. 2A is a schematic diagram of one example embodi-
ment of the DWNL module;

FIG. 2B is a schematic diagram of one example embodi-
ment of the SSNL module;

FIG. 3A is a schematic diagram of one example embodi-
ment of a forward LBG model;

FIG. 3B is a schematic diagram of one example embodi-
ment of a reverse LBG model;
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FIG. 4A is a schematic diagram of one example embodi-
ment of an augmented Wiener predistorter implemented
using first-order forward LBG model;

FIG. 4B is a schematic diagram of one example embodi-
ment of an augmented Hammerstein predistorter imple-
mented using first-order reverse LBG model;

FIGS. 5A and 5B are graphs of AM/AM and AM/PM
curves in accordance with one example embodiment; and

FIGS. 6 A and 6B are graphs of spectrum comparison of the
different LBG-model-based predistorters.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

Disclosed is a new behavioral model for wide-band radio
frequency transmitters. Those of ordinary skill in the art will
realize that the following description is illustrative only and is
not intended to be in any way limiting. Various embodiments
of the disclosed nonlinear system model are applicable in a
variety of settings, such as baseband system modeling, base-
band predistortion, RF digital predistortion and other appli-
cations. Alternative embodiments may be applied to analog as
well as digital signal predistortion. Other embodiments will
readily suggest themselves to such skilled persons having the
benefit of this disclosure. Reference will now be made in
detail to implementations of the example embodiments as
illustrated in the accompanying drawings. The same refer-
ence indicators will be used to the extent possible throughout
the drawings and the following description to refer to the
same or like items.

In the interest of clarity, not all of the routine features of the
implementations of the nonlinear system model described
herein are shown and described. It will, of course, be appre-
ciated that in the development of any such actual implemen-
tation, numerous implementation-specific decisions must be
made in order to achieve the developer’s specific goals, such
as compliance with application- and system-related con-
straints, and that these specific goals will vary from one
implementation to another and from one developer to another.
Moreover, it will be appreciated that such a development
effort might be complex and time-consuming, but would nev-
ertheless be a routine undertaking of engineering for those of
ordinary skill in the art having the benefit of this disclosure.

In accordance with this disclosure, the nonlinear system
model described herein may be implemented in various types
of nonlinear communication systems, such as radio fre-
quency, optical and other types of communication systems. In
addition, those of ordinary skill in the art will recognize that
devices of a less general purpose nature, such as hardwired
devices, field programmable gate arrays (FPGAs), applica-
tion specific integrated circuits (ASICs), digital signal pro-
cessors (DSP) or the like, may also be used without departing
from the scope and spirit of the inventive concepts disclosed
herein. Where a method comprising a series of process steps
is implemented by a computer or amachine and those process
steps can be stored as a series of instructions readable by the
machine, they may be stored on a tangible medium such as a
computer memory device.

FIGS. 1A and 1B depict two example embodiments of a
LBG model for nonlinear wireless systems. FIG. 1A depicts
one example embodiment of a forward LBG model 100A,
which includes a Dynamic Weak Nonlinear (DWNL) module
105 followed by a Static Strong Nonlinear (SSNL) module
110. FIG. 1B depicts one example embodiment of a reverse
LBG model 100B, which includes a SSNL module 110 fol-
lowed by a DWNL module 105. Those of'skills in the art may
recognize that either model may be used to in modeling of
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4

nonlinear wireless systems or in compensation of their
impairments by using pre or post compensation. Various fac-
tors may be considered in deciding whether the forward or
reverse LBG model is to be used. Such factors may include,
but is not limited to, type and nature of the system being
modeled, e.g., RF, optical and the like, system implementa-
tion and configuration, signal modulation technique and oper-
ating frequency of the system and other factors. In one
example embodiment, the system may be modeled using both
forward and reverse LBG model to determine which model
more accurately characterizes communication system.

In one example embodiment, DWNL module 105 may
characterize dynamic weak nonlinear distortions, which are
referred to as memory effects, due to baseband frequency
response, harmonic loading conditions, and trap effects that
might occur in semiconductor devices of the RF transmitter,
impact ionization, as well as the non-constant frequency
response of the transmitter around the carrier frequency. In
the context of wideband transmitters, the electrical memory
effects are the dominant sources of dispersion since the ther-
mal time constant is large compared to the inverse of the
signal bandwidth.

In one example embodiment, DWNL module 105 may be
implemented as a finite impulse response (FIR) filter-based
multi-branch non-linear structure. FIG. 2A depicts one
example embodiment of implementation of a DWNL module
105. DWNL module 200 includes a number of parallel
branches in which the first branch includes a linear FIR filter
205, and, in the parallel branches, the input signal u(n) is
multiplied by its magnitude [u(n)l, in order to generate even-
order and odd-order distortions that will be applied to FIR
filters 205,-205,. In this manner, DWNL module 200
accounts for distortions sources of the real transmitter. More
specifically, DWNL module accounts for the memory effects
of'the transmitter. In some embodiments, a limited number of
branches are enough to obtain an accurate memory effect
model because only weak nonlinearities modeled. The FIR
filter parameters identification may be performed using the
recursive least squares (RLS) algorithm, or other known tech-
niques.

In one example embodiment, SSNL. module 110 may char-
acterize strong static nonlinearities of the wireless transmit-
ter. FIG. 2B depicts one example embodiment of implemen-
tation of SSNL module 110. The SSNL module 110 may be
implemented with two memoryless look-up tables (LUTs),
which dependents on the magnitude of the input complex
signal of the SSNL module in accordance with one example
embodiment. The look-up tables may be derived from the
amplitude modulation/amplitude modulation (AM/AM) and
amplitude modulation/phase modulation (AM/PM) curves of
the transmitter. These curves may be extracted directly from
the baseband measurement data by means of a moving aver-
age procedure or other known techniques. FIGS. 5A and 5B
show examples of the extracted AM/AM and AM/PM curves,
which are based on the measurement data when the RF trans-
mitter is driven with a three-carrier 3GPP-FDD WCDMA
signal. The extracted, smoothed AM/AM and AM/PM curves
are then used to construct the LUT of the SSNL module.

FIG. 3A depicts a schematic diagram of one implementa-
tion of a forward LBG model in accordance with one example
embodiment. System 300A includes a DWNL module 305
implemented as a FIR filter based multi-branch structure
cascaded with an SSNL module 310 implemented as two
memoryless LUTs. The relationship between the input and
output signals of the DWNL block 305 and the SSNL block
310 is described by equations 1 and 2.
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FET transistor (FLL600IQ-2) from Eudyna Devices USA. A
My -1 M driver amplifier, based on an MRF19045 LDMOS transistor
) = Z aiou(n = + and an MHL.19936 gain block both from Freescale Semicon-
= ductor, is used as the driver stage. The whole line-up has 53
My-1 Mp—1 5

P

Z ag. [ = Dl — D ++... Z a5yl — DLt — §)

=0 i=0

Y1) =[G i (XD + j Grar g 1 x)D]x() = G (X)) @

where G, (Ix(W)N)=G,,, (Ix(0)D)+ Gy, (Ix(n)!) denotes the
memoryless complex gain of the transmitter that depends
only on the instantaneous magnitude of x(n). x(n) is the
output signal of the weak dynamic nonlinear filter. M, stands
for the number of taps in the k” FIR filter FIR, k=1,2,...,p;
p represents the number of the branches of the memory
model, and a, is the coefficients of the FIR filters.

FIG. 3B depicts a schematic diagram of one implementa-
tion of a reverse LBG model in accordance with one example
embodiment. System 300B includes an SSNL block 310
implemented as two memoryless LUTs cascaded with a
DWNL block 305 implemented as a FIR filter based multi-
branch structure. The relationship between the input and out-
put signals of the SSNL block 310 and the DWNL block 305
is described by equations 3 and 4.

20

25

dB gain and 45 dBm saturated power. Furthermore, an elec-
tronic signal generator (ESG: Agilent E4438C) is utilized in
this work to emulate the rest of the transmitter.

In one example embodiment, a first-order forward LBG
model may be used to implement an augmented Wiener pre-
distorter. Various embodiments of the invention may be of
higher order. The augmented Wiener predistorter may be used
in a broadband wireless transmitter to compensate for non-
linearity and memory effects thereof. FIG. 4A illustrates an
example embodiment of the augmented Wiener predistorter.
The predistorter 400A includes a DWNL module 405 fol-
lowed by a SSNL module 410. The DWNL module 405 may
be implemented as a weak dynamic nonlinear FIR-based
filter, including a linear term and a second-order term that
compensate for dynamic memory effects of the wireless
transmitter. The nonlinear FIR-based filter acts as a nonlinear
equalizer. The SSNL module 410 may be implemented as
AM/AM and AM/PM lookup tables, which smooth AM/AM
and AM/PM characteristics of the wireless transmitter and
power amplifiers therein.

The relationship between the input and output signals of
the DWNL module 405 and the SSNL module 410 in FIG. 4A

=[G iG = G 3 . . .
x(n) = [Crari () + G g (ulm)D]ee) = G (ju(r)is() 3 may be described with equations 5 and 6.
My -1 4 30
yin) = ajox(n—i)+
; ’ ML Mp-1 ®
Myl 1 xn) = Z; aou(n =i + Z(; gt — Dlutr — 1
Z @l = Dlxlr = D+ > aipalxln = DIPx— b
i=0 35 Y1) =[G i (XD + j G o (X)D]2() = G (X)) ©

i=0

where G, (lu()=G,,, (lu(n))+jGy,, (lu(n)l) denotes the
memoryless complex gain of the transmitter that depends
only on the instantaneous magnitude of u(n). M, p and a, have
the same meaning as in (1) and (2).

As indicated by equation 1-4, knowledge of the static
strong nonlinear part of the nonlinear model can substantially
reduce the required number of branches of the DWNL mod-
ule required for accurately modeling the dynamic nonlinear-
ity of the nonlinear system.

In one example embodiment, the forward LBG model and
the reverse LBG model may be used to provide pre-compen-
sation for the transmitter output spectrum regrowth caused by
the dynamic nonlinearity of the transmitter. In accordance
with various embodiments, the forward LBG model and the
reverse LBG model can be used to effect a predistortion
scheme in which different types of power amplifiers (PAs) are
implemented. Such PAs may include for example, a push-pull
FET PA, an LDMOS class AB PA, and a Doherty PA. The
effectiveness of the forward and reverse LBG models in
accordance with various embodiments has been experimen-
tally validated for a push-pull FET PA, an LDMOS class AB
PA, and two Doherty PAs, having 1-4 carrier WCDMA test
signals, respectively.

In one example embodiment, a wireless communication
system in which a predistorter in accordance with various
embodiments may be used may include a wideband RF trans-
mitter having two digital-to-analog converters (DAC), an RF
vector modulator and a power amplifier. The last amplifica-
tion stage of the power amplifier built for this work, in the
band 0f1930-1990 MHz, is based on a 60-watt PEP push-pull
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where G, (ln(D=G,,, (lu(@)D+G,,, (lu()!) denotes the
memoryless complex gain of the transmitter that depends
only on the instantaneous magnitude of u(n). M, p and a, have
the same meaning as in (1) and (2). FIG. 6A illustrates spec-
trum comparison of the forward LBG-model-based predis-
torter and the transmitter: (a) measured spectrum of the trans-
mitter (without predistorter); (b) memoryless predistorter; (c)
Wiener predistorter with a 64-tap FIR filter; (d) first order
forward LBG-model-based predistorter (augmented Wiener
predistorter) with two 3-tap FIR filters.

In another example embodiment, a first-order reverse LBG
model may be used to implement an augmented Hammerstein
predistorter. The augmented Hammerstein predistorter may
be placed in a broadband wireless transmitter to compensate
for nonlinearity and memory effects thereof. FIG. 4B illus-
trates one example embodiment of the augmented Hammer-
stein predistorter. Predistorter 400B includes a SSNL module
410 followed by a DWNL module 405. The SSNL module
410 may be implemented as AM/AM and AM/PM lookup
tables, which smooth AM/AM and AM/PM characteristics of
the wireless transmitter. The DWNL module 405 may be
implemented as a weak nonlinear dynamic FIR-based filter,
including a linear term and a second-order term that compen-
sate for memory effects of the wireless transmitter. The non-
linear FIR-based filter acts as a nonlinear equalizer.

The relationship between the input and output signals of
the SSNL module 410 and the DWNL module 405 in FIG. 4B
may be described with equations 7 and 8.
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where G, (lu()N=G,,, (lu(m))+ Gy, (lu()!) denotes the
memoryless complex gain of the transmitter that depends

8

put of the dynamic nonlinear predistorter module is
input to the static nonlinear predistorter module.

8. The predistorter of claim 7 wherein the dynamic nonlin-
ear predistorter is a finite impulse response-based memory
effect predistorter and the static nonlinear predistorter is a
look-up table-based memoryless predistorter.

9. The predistorter of claim 7 wherein the dynamic nonlin-
ear predistorter is a dynamic weak nonlinear predistorter and
the static nonlinear predistorter is a static strong nonlinear

only on the instantaneous magnitude of u(n). M, pand a,have 10 predistorter.

the same meaning as in (1) and (2). FIG. 6B illustrates spec- 10. The predistorter of claim 9 wherein the dynamic weak
trum comparison of the reverse LBG-model-based predis- nonlinear predistorter is implemented as a finite impulse
torter and the transmitter: (a) measured spectrum of the trans- response filter-based multi-branch nonlinear structure
mitter (without predistorter); (b) memoryless predistorter; (c) embedded within a polynomial like series and the static
Hammerstein predistorter with a 64-tap FIR filter; (d) first 15 strong nonlinear predistorter includes two look-up tables,
order reverse LBG-model-based predistorter (augmented each look-up table depends on the magnitude of a current
Hammerstein predistorter) with two 3-tap FIR filter. input signal.

Although various embodiments are described as imple- 11. A predistorter for nonlinear wireless system, the pre-
menting a-finite impulse response (FIR) linear filter, alterna- distorter comprising:
tive embodiments may implement other types of linear filters 20  a static nonlinear predistorter module; and
(e.g., an infinite impulse response (IIR) filter or an auto- dynamic nonlinear predistorter module coupled to the
regressive moving average (ARMA) filter). Moreover, static nonlinear predistorter module such that an output
although described in the context of digital predistortion, the of the static nonlinear predistorter module is input to the
predistortion techniques described are equally applicable to dynamic nonlinear predistorter module.
analog predistortion. In various embodiments, the disclosed 25 12. The predistorter of claim 11 wherein the dynamic non-
forward and reversed LBG-model-based predistorters may be linear predistorter module is a finite impulse response-based
used for modeling of wireless wide-band RF transmitters ina memory effect predistorter module and the static nonlinear
3@ systems. predistorter is a look-up table-based memoryless predistorter

While the invention has been described in terms of several module.
embodiments, those skilled in the art will recognize that the 30  13. The predistorter of claim 11 wherein the dynamic non-
invention is not limited to the embodiments described, but can linear predistorter module is a dynamic weak nonlinear pre-
be practiced with modification and alteration within the spirit distorter module and the static nonlinear predistorter is a
and scope of the appended claims. The description is thus to static strong nonlinear predistorter module.
be regarded as illustrative instead of limiting. 14. The predistorter of claim 12 wherein the dynamic weak

What is claimed is: 35 nonlinear predistorter is implemented as a finite impulse

1. A behavioral model of a nonlinear dynamic system, the response filter-based multi-branch nonlinear structure and the
model comprising: static strong nonlinear predistorter includes two look-up

a first module characterizing dynamic nonlinear character- tables, each look-up table depends on the magnitude of a

istics of the system, wherein the first module includes an current input signal.

input and an output; and 40 15. An augmented Wiener predistorter, the predistorter
a second module characterizing static nonlinear character- comprising:

istics of the nonlinear system, wherein the second mod- a dynamic nonlinear first order predistorter module; and

ule includes an input and an output; a static nonlinear predistorter module coupled to the
wherein the first module is coupled to the second module. dynamic nonlinear predistorter module such that an out-

2. The model of claim 1, wherein the first module is 45 put of the dynamic nonlinear predistorter module is
coupled to the second module such that an output of the first input to the static nonlinear predistorter module.
module is input to the second module. 16. The predistorter of claim 15 wherein the dynamic non-

3. The method of claim 1, wherein the second module is linear predistorter is a finite impulse response-based memory
coupled to the first module such that an output of the second effect predistorter and the static nonlinear predistorter is a
module is input to the first module. 50 look-up table-based memoryless predistorter.

4. The model of claim 1 wherein the first module comprises 17. The predistorter of claim 15 wherein the dynamic non-
anonlinear finite impulse response-based memory effect sys- linear predistorter is a dynamic weak nonlinear predistorter
tem and the second module comprises a look-up table-based and the static nonlinear predistorter is a static strong nonlin-
nonlinear memoryless system. ear predistorter.

5. The model of claim 1 wherein the first module is a 55  18. The predistorter of claim 17 wherein the dynamic weak
dynamic weak nonlinear model and the second module is a nonlinear predistorter is implemented as a finite impulse
static strong nonlinear model. response filter-based multi-branch nonlinear structure and the

6. The model of claim 1 wherein the first module comprises static strong nonlinear predistorter includes two look-up
a finite impulse response filter-based multi-branch nonlinear tables, each look-up table depends on the magnitude of a
system and the second module comprises two look-up tables, 60 current input signal.
each look-up table dependent on the magnitude of the input 19. An augmented Hammerstein predistorter, the predis-
signal. torter comprising:

7. A predistorter for nonlinear wireless system, the predis- a static nonlinear predistorter module; and
torter comprising: a dynamic nonlinear first order predistorter module

a dynamic nonlinear predistorter module; and 65 coupled to the static nonlinear predistorter module such

a static nonlinear predistorter module coupled to the
dynamic nonlinear predistorter module such that an out-

that an output of the static nonlinear predistorter module
is input to the dynamic nonlinear predistorter module.
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20. The predistorter of claim 19 wherein the dynamic non-
linear predistorter module is a finite impulse response-based
memory effect predistorter module and the static nonlinear
predistorter is a look-up table-based memoryless predistorter
module.

21. The predistorter of claim 19 wherein the dynamic non-
linear predistorter module is a dynamic weak nonlinear pre-
distorter module and the static nonlinear predistorter is a
static strong nonlinear predistorter module.

10

22. The predistorter of claim 21 wherein the dynamic weak
nonlinear predistorter is implemented as a finite impulse
response filter-based multi-branch nonlinear structure and the
static strong nonlinear predistorter includes two look-up
tables, each look-up table depends on the magnitude of a
current input signal.
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